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Edited by Sandro SonninoAbstract Polyunsaturated fatty acids and their esters are
known to be susceptible to free-radical mediated oxidation, while
cholesterol is more resistant to oxidation. The present study
focused on the relative susceptibilities of linoleates and choles-
terol in Jurkat cells under oxidative stress induced by selenium
deﬁciency and free radical insult, as assessed by total hydroxy-
octadecadienoic acids (tHODE) and total 7-hydroxycholesterol
(t7-OHCh) measured after reduction and saponiﬁcation. It was
observed that the levels of tHODE and t7-OHCh signiﬁcantly
increased by both oxidative insults. The increased amounts of
t7-OHCh were higher than those of tHODE in both selenium-
deﬁcient and free radical-treated cells. These results suggest
that, in contrast to plasma oxidation where cholesterol is much
more resistant to oxidation than linoleates, cellular cholesterol
is more susceptible to oxidation than cellular linoleates.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Lipid peroxidation has been the subject of extensive studies
for several decades, and its mechanism, dynamics, and prod-
ucts are now fairly well established [1]. Lipid peroxidation
gives potentially toxic compounds, while it has been demon-
strated that lipid peroxidation products may also act as signal-
ing mediators and induce an adaptive response [2,3]. It is well
known that polyunsaturated fatty acids (PUFA) and their
esters are vulnerable to oxidation and that their susceptibility
to oxidation increases with an increase in the number of dou-Abbreviations: AIPH, 2,2 0-azobis[2-(2-imidazolin-2-yl)propane] dihy-
drochloride; Ch, cholesterol; GC–MS, gas chromatography/mass
spectrometry; GPx, glutathione peroxidase; HODE, hydroxyoctade-
cadienoic acid; HPODE, hydroperoxyoctadecadienoic acid; 8-iso-
PGF2a, 8-iso-prostaglandin F2a; 7-KCh, 7-ketocholesterol; LDL, low
density lipoprotein; 7-OHCh, 7-hydroxycholesterol; 7-OOHCh,
7-hydroperoxycholesterol; PH-GPx, phospholipid hydroperoxide
glutathione peroxidase; PUFA, polyunsaturated fatty acids; TR,
thioredoxin reductase
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doi:10.1016/j.febslet.2007.08.010ble bonds [1]. Cholesterol, another important lipid in vivo, is
oxidized to produce versatile products termed oxysterols [4].
PUFA and cholesterol are oxidized both enzymatically and
non-enzymatically; however, cholesterol, unlike PUFA, pos-
sesses no bisallylic hydrogen and is accepted to be less suscep-
tible to free radical-mediated oxidation than polyunsaturated
lipids. In fact, it has been observed that during low density
lipoprotein (LDL) oxidation, cholesterol is oxidized only after
most PUFA esters have been oxidized [5].
Lipid hydroperoxides formed during lipid peroxidation are
the substrates for many enzymes, such as glutathione peroxi-
dases (GPx) and phospholipases and they also undergo non-
enzymatic secondary reactions [1,6]. It should be bear in mind
that the amounts of lipid peroxidation products found in bio-
logical ﬂuids and tissues depend upon the rates of metabolism
and clearance as well as formation. Recently, we have devel-
oped a method for the measurement of lipid peroxidation
in vivo, where the total hydroxyoctadecadienoic acid (tHODE)
and 7-hydroxycholesterol (t7-OHCh) are determined from the
biological samples after reduction with sodium borohydride
and saponiﬁcation by potassium hydroxide [7]. In this method,
hydroperoxides and ketones as well as the hydroxides of both
the free and ester forms of linoleic acid and cholesterol are
measured as tHODE and t7-OHCh, respectively. tHODE is
a sum of the following four isomers: 9- and 13-(Z,E) and
the (E,E) HODEs. Oxidation by 12/15-lipoxygenase proceeds
via regio-, stereo-, and enantio-speciﬁc mechanisms to give
13S-hydroperoxy-9Z, 11E-octadecadienoic acid (13(S)-(Z,E)-
HPODE) exclusively, while oxidation induced by the free rad-
icals yields all of the four isomers as the primary products.
HPODEs are readily reduced in vivo by reducing enzymes to
give HODE. In addition to the qualitative and quantita-
tive information on the generation of oxidized linoleic acid,
another advantage of this method is that it facilitates the
measurement for the stereo-isomer ratio (9-EZ + 13-ZE)/
(9-EE + 13-EE), which is a measure of the eﬃcacy of the
antioxidants in vivo [8]. The cholesterol oxidation prod-
ucts, namely oxysterols, at 7-position such as 7b-hydroxy-
(7b-OHCh), 7a- and 7b-hydroperoxy- and 7-ketocholesterol
(7-KCh) are generated by non-enzymatic oxidation, while
7a-hydroxycholesterol (7a-OHCh) is generated by both enzy-
matic and non-enzymatic oxidation [4]. These products may
undergo secondary reactions to yield other oxysterols. In the
present assay, all of these oxysterols, such as 7-hydroperoxy-
cholesterol (7-OOHCh), 7-KCh, and 7-OHCh, are measured
as t7-OHCh.blished by Elsevier B.V. All rights reserved.
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play a causative role in the oxidative damage of selenium-deﬁ-
cient cells in which activities of cellular GPx, phospholipid
hydroperoxide GPx (PH-GPx), and thioredoxin reductase
(TR) decrease [9]. Selenium is an essential component of sev-
eral enzymes such as GPx, TR, and selenoprotein P, which
contain selenium in the form of selenocysteine [10]. The results
unexpectedly demonstrated that the level of 7-OOHCh in sele-
nium-deﬁcient cells increased signiﬁcantly, while this was not
the case for phospholipid hydroperoxides such as phosphati-
dylcholine hydroperoxide. Furthermore, we have recently
observed unexpectedly higher amount of t7-OHCh than
tHODE in healthy human plasma and erythrocytes [11]. Lipid
peroxidation in cultured cells containing various enzymes and
antioxidants, particularly in relation to the relative susceptibil-
ities to oxidation of linoleates and cholesterol, is less clearly
understood in contrast to plasma lipid peroxidation. These
observations prompted us to measure the tHODE and t7-
OHCh content in cultured cells under oxidative stress.
In this study, we have focused on the oxidation of linoleates
and cholesterol as evaluated by tHODE and t7-OHCh in Jur-
kat cells under oxidative stress conditions induced by selenium
deﬁciency and free radicals generated from 2,2 0-azobis [2-(2-
imidazolin-2-yl)propane] dihydrochloride (AIPH), a water-sol-
uble radical initiator [12]. We found that, in contrast to plasma
cholesterol, cholesterol in cultured cells was oxidized more
readily than linoleates along with the concomitant formation
of 7-OOHCh.Table 1
Total fatty acid composition and cholesterol (Ch) contents of Jurkat
cells (nmol/mg protein) and human plasma (mM)a
Se Se Serum Human2. Materials and methods
2.1. Chemicals
8-iso-Prostaglandin F2a (8-iso-PGF2a), 8-iso-PGF2a-d4, 13-(Z,E)-
HODE, 13-(E,E)-HODE, 9-(E,Z)-HODE, 9-(E,Z)-HODE-d4, 9-(E,E)-
HODE were from Cayman Chemical Company (MI, USA). Commer-
cial 5-cholesten-3b-ol, and 5-cholesten-3b-ol 3-linoleate purchased from
Sigma Chemical Co. (St. Louis, MO) were used without further puriﬁ-
cation. The azo compound AIPH, recombinant human insulin and
human transferrin were obtained from Wako, Osaka, Japan. Sodium
selenite, bovine serum albumin fraction V, and RPMI-1640 medium
were obtained from Nacalai, Kyoto, Japan. 3-[4,5-Dimethylthiazol-
2-yl]-2,5-di-phenyltetrazolium bromide (MTT) and diphenyl-1-pyrenyl-
phosphine (DPPP) were purchased from Dojindo, Kumamoto, Japan.
Other materials were those of the highest grade available commercially.suﬃcient deﬁcient cultured plasma
t16:0 57.8 (3.8) 64.2 (3.8) 87.7 (8.2) 1.59 (0.82)
t16:1 9.12 (0.60) 9.13 (0.54) 8.67 (0.81) 0.136 (0.070)
t18:0 33.4 (2.2) 35.5 (2.1) 53.5 (5.0) 0.504 (0.26)
t18:1 71.4 (4.7) 84.5 (5.0) 87.7 (8.2) 1.28 (0.66)
t18:2 15.2 (1) 16.9 (1) 10.7 (1) 1.94 (1)
t18:3 7.75 (0.51) 8.62 (0.51) 10.3 (0.96) 0.114 (0.059)
t20:4 24.3 (1.6) 23.7 (1.4) 38.5 (3.6) 0.388 (0.20)
t22:6 4.86 (0.32) 6.08 (0.36) 10.6 (0.99) 0.310 (0.16)
Ch 12.8 (0.84) 11.2 (0.66) 24.6 (2.3) 1.67 (0.86)
tChb – – – 6.98 (3.6)
aThe Jurkat cells (3 · 105 cells/ml) were cultured with (Se suﬃcient) or
without (Se deﬁcient) 100 nM sodium selenite for 24 h. The cells
(Serum cultured) maintained in RPMI-1640 medium containing 10%
FBS were used for free radical experiments. The cell samples and2.2. Cell culture and determination of cell viability
Jurkat E6-1 cells, human T-leukemia (American Tissue Type Col-
lection, Manassas, VA), were maintained in RPMI-1640 medium
containing 100 U/ml penicillin G, 100 lg/ml streptomycin, 0.25 lg/
ml amphotericin B and 10% heat-inactivated fetal calf serum at
37 C under an atmosphere of 95% air and 5% CO2 as described pre-
viously [9]. To avoid the eﬀects of antioxidants in serum, the studies
on the eﬀects of selenium deﬁciency and radical initiators were con-
ducted in the serum free medium containing 2.5 mg/ml bovine serum
albumin, 5 lg/ml human insulin, 5 lg/ml human transferrin, and
92 nM FeCl3 with (ITSA-RPMI) or without 100 nM sodium selenite
(ITA-RPMI) as described previously [13]. For the determination of
cell viability, mitochondrial function-based MTT assay was con-
ducted for diﬀerent time intervals shown in ﬁgure, as described pre-
viously [9].human plasma were analyzed by GC and HPLC-absorbance as de-
scribed under Section 2. The letter ‘‘t’’ shows total amounts measured
with saponiﬁcation. The numbers in the parentheses are those relative
to total linoleic acid (18:2) content. Lipid contents of cells and plasma
were shown as pmol/mg protein and mM, respectively.
bTotal cholesterol content including cholesteryl ester.2.3. Protein assay
Protein content of cell samples was determined using a BCA protein
assay kit (Pierce, Rockford, IL) with bovine serum albumin as a stan-
dard.2.4. Analyses of tHODE, t7-OHCh and t8-iso-PGF2a
tHODE, t7-OHCh and t8-iso-PGF2a after reduction and saponiﬁca-
tion were measured as follows by the slightly modiﬁed method re-
ported previously [7]. Brieﬂy, the cell sample in PBS solution was
extracted with 4-fold volume of methanol containing 100 lM butyl-
ated hydroxytoluene (BHT) and internal standards (100 ng) such as
9-(E,Z)-HODE-d4, 16-hydroxyhexadecanoic acid, and 8-iso-PGF2a-
d4, were added followed by the reduction of hydroperoxides with
excessive amount of sodium borohydride (4 mg). Then the reduced
sample was mixed with KOH to convert esters to free acids. After
the solid phase extraction, the eluent obtained was evaporated under
nitrogen and the silylating agent, N,O-bis(trimethylsilyl)triﬂuoroacet-
amide, was added to the dried residue. The solution was incubated
for 1 h at 60 C. An aliquot of this sample was injected into the gas
chromatograph (GC 6890N, Agilent Technologies Co. Ltd.) equipped
with a quadrupole mass spectrometer (5973 Network, Agilent Tech-
nologies Co. Ltd.). A fused-silica capillary column (HP-5MS, 5%
phenyl methyl siloxane, 30 m · 0.25 mm, Agilent Technologies) was
used. Temperature programming was performed from 60 to 280 C
at 10 C/min. The identiﬁcation of HODE, 7-OHCh, and 8-iso-PGF2a
was conducted by their retention times and mass patterns. Details such
as the instrument settings, gas chromatography–mass spectrometry
(GC–MS) spectra, and the mass pattern have been previously reported
[7].
2.5. Analysis of fatty acids
Fatty acids in cell samples and human plasma were measured as
described [14]. Fatty acid composition in the extracted cell sample
and human plasma was determined using the GC (GC 6890N, Agilent
Technologies) equipped with a ﬂame ionidized detector. A fused-silica
capillary column (SP-2560, 100 m · 0.25 mm; Supelco) was used. Tem-
perature programming was performed from 140 C to 240 C at 4 C/
min. Results were summarized in Table 1.
2.6. Determination of intracellular lipid hydroperoxides
Intracellular lipid hydroperoxides were detected using ﬂuorescence
probe DPPP [15] and chemiluminesence HPLC systems as described
previously [9,16]. For DPPP assay, cells treated with 167 lM DPPP
for 5 min were cultured with 6 mM AIPH in serum-free ITSA-RPMI.
At the times indicated in ﬁgure, ﬂuorescence intensities of the cell sam-
ples in PBS solution were measured with the Spectroﬂuorophotometer
RF-5300PC (Shimadzu Co., Kyoto, Japan) with excitation and emis-
sion wavelengths of 351 and 380 nm, respectively. For HPLC analysis,
cell samples in PBS were extracted with chloroform/methanol contain-
ing 0.02% BHT and then subjected into HPLC for lipid hydroperox-
ides analysis. The amounts of 7-OOHCh were measured with HPLC
Table 2
Eﬀect of selenium deﬁciency on the level of lipid peroxidation products
(pmol/mg protein)a
Se
deﬁcient
Se
suﬃcient
D/substrate
(%)b
t8-iso-PGF2a 1.36 ± 2.20 0.91 ± 1.41
(t8-iso-PGF2a/t20:4, %)
c (0.0057) (0.0037) 0.0020
tHODE 30.4 ± 5.32* 12.6 ± 1.76
(tHODE/t18:2, %)c (0.18) (0.083) 0.097
9-and 13-(ZE)-HODE 15.3 ± 5.82* 6.64 ± 3.07
9-and 13-(EE)-HODE 15.1 ± 1.56* 6.01 ± 1.71
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dzu, Japan), and the contents of 7-KCh (245 nm) and cholesterol
(210 nm) were determined by a spectrophotometric detector (SPD-
10AV, Shimadzu, Japan). Details such as the instrument settings, col-
umn used, and the eluent conditions have been previously reported [9].
2.7. Statistical analysis
Data are represented as means ± S.D. of at least three separate
experiments independently conducted. Statistical analyses were per-
formed on a Microsoft personal computer by an analysis of variance
using Dunnett test for multiple comparisons (ANOVA) or unpaired
t test, as shown in each ﬁgure legend.Ratio (Z,E/E,E) 1.09 ± 0.47 1.26 ± 0.70
t7a-OHCh 23.7 ± 21.3 12.1 ± 13.9
t7b-OHCh 43.9 ± 14.9* 25.4 ± 7.20
t7-OHCh 61.1 ± 29.9* 38.6 ± 22.3
(t7-OHCh/tCh, %)c (0.55) (0.30) 0.25
7-OOHCh 5.6 ± 4.0 ND
7-KCh ND ND
ND, not detected.
aThe Jurkat cells (3 · 105 cells/ml) were cultured with (Se suﬃcient) or
without (Se deﬁcient) 100 nM sodium selenite for 24 h, and lipid oxi-
dation products were measured by GC–MS and HPLC-chemilumi-
nescence and -absorption as described under Section 2 (n = 4). The
letter ‘‘t’’ shows total amounts measured after reduction and saponi-
ﬁcation. Lipid contents of cell samples were shown as pmol/mg pro-
tein. The ratio of stereo-isomers of HODE was calculated by the
following equation: ratio (Z,E/E,E) = [9- and 13-(Z,E)-HODE]/[9- and
13-(E,E)-HODE] where square brackets indicate the detected value
from cell samples.
bThe ratio of increased amounts of lipid oxidation products per lipids
(%) were calculated.
cThe ratio of lipid oxidation products per lipids (%) were calculated.
*The statistically signiﬁcant diﬀerence against Se suﬃcient cells as
measured by Student’s t-test (P < 0.05).3. Results
3.1. Characterization of the lipid peroxidation status of
selenium-deﬁcient Jurkat cells
In order to elucidate the eﬀect of selenium deﬁciency on Jur-
kat cells, the lipid peroxidation products were analyzed. When
cultured with a selenium-deﬁcient medium for 24 h, tHODE
identiﬁed as a mixture of 9- and 13-(Z,E) and the (E,E)
HODEs increased signiﬁcantly; this increase was 2.4-fold high-
er than that in the selenium-suﬃcient cells, while the increase
in the amount of t8-iso-PGF2a, biomarker for assessing oxida-
tive stress in vivo, was small and not signiﬁcant (Table 2). No
signiﬁcant change was observed in the stereo-isomer ratio
(Z,E/E,E). On the other hand, a signiﬁcant increase was ob-
served in the amounts of t7-OHCh, which was identiﬁed as a
mixture of t7a- and t7b-OHCh, due to the selenium deﬁciency
– the levels of selenium-deﬁcient cells were 1.6-fold higher than
those of selenium-suﬃcient cells. As shown in Table 2, it was
observed that the increase in the amount of t7-OHCh
(22.5 pmol/mg protein) as well as t7-OHCh per Ch (0.25%)
was higher than that in the amount of tHODE (17.8 pmol/
mg protein, and 0.097%). In order to clarify the origin of the
increased t7-OHCh, the hydroperoxides were analyzed usingFig. 1. Formation of 7-OOHCh in Jurkat cells cultured in a selenium-deﬁcien
HPLC systems. (A) 8.7 pmol of 7-OOHCh eluted at 9.6 min. (B,C) Cells (3 ·
with (C) 100 nM sodium selenite for 24 h. 7-OOHCh was measured as descrHPLC chemiluminescence. As shown in Fig. 1, 7-OOHCh
was detected and calculated to be 5.6 pmol/mg protein. 7-
KCh was detected in neither selenium-suﬃcient nor sele-
nium-deﬁcient cells.t medium. 7-OOHCH formation was determined by chemiluminescence
105 cells/ml) were cultured in selenium-deﬁcient medium without (B) or
ibed under Section 2 (n = 4).
Fig. 2. Eﬀect of AIPH on the cell viability and lipid hydroperoxide level. The cells (5 · 105 cells/ml) were cultured with or without 6 mM AIPH in
serum-free ITSA-RPMI for indicated times in ﬁgure. (A) The viability was measured by MTT assay as described under Section 2. After the
incubation with AIPH, the cells were incubated with 0.5 mg/ml MTT for 2 h and then the optical density of formazan was measured at 570 nm.
*P < 0.05 when compared with time 0 (Dunnett, ANOVA). The viability of cells is shown as means ± S.D. (n = 3). (B) The intracellular lipid
hydroperoxides were measured using a ﬂuorescence probe DPPP as described under Section 2. *P < 0.05 when compared with control cells (t-test).
Mean values of DPPP oxide ﬂuorescence per total protein relative to that of DPPP-labeled control cells (time 0; 2660 ﬂuorescence/mg protein) are
shown with S.D. (n = 3).
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hydroperoxide level of Jurkat cells
We applied tHODE and t7-OHCh analyses to oxidative
stress induced by the water-soluble radical initiator, AIPH.
First, we determined the eﬀect of AIPH on cellular viability
that was measured by the MTT mitochondrial function assay.
When cultured with 6 mM AIPH, the viability of the Jurkat
cells decreased with the incubation time (Fig. 2A). Cell viabil-
ity began to decrease after 4 h of incubation. The levels of lipid
hydroperoxides in the AIPH-treated cells were measured using
the ﬂuorescence probe DPPP. DPPP stoichiometrically reacts
with lipid hydroperoxide to give ﬂuorescent DPPP oxide [15].
When the DPPP-labeled cells were treated with 6 mM AIPH,
the ﬂuorescence intensity derived from DPPP oxide increased
in a time-dependent manner; it was 2.2-fold higher than that
of the control in 5 h (Fig. 2B).Table 3
Oxidation products of Jurkat cells by AIPH (pmol/mg protein)a
AIPH
t8-iso-PGF2a 0.50 ± 0.16
*
(t8-iso-PGF2a/t20:4, %)
c (0.0013)
tHODE 230 ± 129*
(tHODE/t18:2, %)c (2.1)
9- and 13-(ZE)-HODE 148 ± 82.2*
9- and 13-(EE)-HODE 81.8 ± 47.2*
ratio (Z,E/E,E) 1.94 ± 0.19
t7a-OHCh 759 ± 603*
t7b-OHCh 584 ± 245*
t7-OHCh 1340 ± 840*
(t7-OHCh/tCh, %)c (5.4)
7-OOHCh 26.6 ± 22.3
7-KCh 75.8 ± 29.4
ND, not detected.
aThe Jurkat cells (5 · 105 cells/ml) were incubated with 6 mMAIPH in the ser
by GC–MS and HPLC-chemiluminescence and -absorption (n = 4). Lipid co
bThe increased amounts of lipid peroxidation products per lipids were calcu
cThe ratio of lipid oxidation products per lipids (%) were calculated.
*The statistically signiﬁcant diﬀerence as measured by Student’s t-test (P< 03.3. Characterization of the lipid peroxidation status of the
AIPH-treated Jurkat cells
The Jurkat cells were treated with AIPH for 4 h, washed,
and the lipid peroxidation products were analyzed for the
samples obtained after extraction by GC–MS and HPLC.
The results are summarized in Table 3. The cholesteryl hydro-
peroxide 7-OOHCh was detected by using HPLC-chemilumi-
nescence analysis (shown in Supplementary materials) as
observed for the selenium-deﬁcient cells, and 7-KCh was de-
tected by using HPLC-absorption analysis. The amounts of
all the products, such as tHODE, t7-OHCh, and t8-iso-PGF2a,
increased signiﬁcantly after treatment with AIPH, while no sig-
niﬁcant change was observed in the stereo-isomer ratio (Z,E/
E,E). Although the Jurkat cells contained more arachidonates
than linoleates (Table 1), substantially more tHODE (199
pmol/mg protein) was formed than t8-iso-PGF2a (0.48 pmol/Control PBS D/substrate (%)b
0.02 ± 0.04
(<0.0001) 0.0013
30.8 ± 8.50
(0.29) 1.8
18.1 ± 5.23
12.7 ± 4.89
1.53 ± 0.62
104 ± 43.0
103 ± 26.0
207 ± 67.0
(0.84) 4.6
ND
ND
um free medium for 4 h, and lipid peroxidation products were measured
ntents of cell samples were shown as pmol/mg protein.
lated.
.05).
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notably increased by 25-fold, whereas that of tHODE
increased by 7.5-fold, in accordance with the number of bis-
allylic hydrogens, that is, 6 and 2 for arachidonate and linole-
ate, respectively. In the case of t7-OHCh analysis, the levels
of cholesterol oxidation products in AIPH-treated cells were
6.5-fold higher than that in the control. The increase in the
amount of t7-OHCh (1130 pmol/mg protein) was 5.7 times
greater than that of tHODE (199 pmol/mg protein). Further-
more, the increase in the amount of t7-OHCh per Ch (4.6%)
was higher than that of tHODE (1.8%) or t8-iso-PGF2a
(0.0013%). This result implies that cholesterol is more suscep-
tible to peroxidation induced by free radicals in cultured cells
than linoleates. Further, 7-OOHCh and 7-KCh accounted
for 2.4% and 6.7% of the increased t7-OHCh, respectively.4. Discussion
In the present study using Jurkat cells – a model of prolifer-
ating T lymphoma cells – we evaluated cellular lipid peroxida-
tion by using oxidative stress markers, including t8-iso-PGF2a,
tHODE and t7-OHCh. In order to understand cellular lipid
peroxidation and compare the susceptibility of linoleates and
cholesterol to peroxidation, we investigated two diﬀerent mod-
els of cellular lipid peroxidation, i.e., one induced by selenium
deﬁciency and the other by free radical exposure. In the
former, selenoproteins such as PH-GPx, a major selenoprotein
required for the cellular reduction of lipid hydroperoxide,
decreased to approximately half of that in the Jurkat cells
cultured in a medium containing serum at 24 h after selenium
deﬁciency [9]. Therefore, this experiment is considered a model
for cellular lipid peroxidation initiated by intracellular oxida-
tive insult. Under this selenium-deﬁcient condition, we have
previously observed that the cells recover completely when
selenium or a-tocopherol is added at 24 h; however, this recov-
ery is not observed after such additions at 36 h after inducing
selenium deﬁciency [9], indicating that the selenium-deﬁcient
condition used in this study is probably moderate with a
reversible insult. On the other hand, the latter experiment
using the water-soluble radical initiator is considered a model
for cellular lipid peroxidation initiated by extracellular oxida-
tive insult. Although the mechanism of initiation is diﬀerent,
the signiﬁcant increase in the amount of t8-iso-PGF2a, tHODE
and t7-OHCh was observed in all the models, except for t8-
iso-PGF2a under the selenium-deﬁcient condition.
The oxidation mechanisms for linoleate are straightforward
and its products are well established. The advantage of
tHODE is not only the quantitative and the qualitative
information but also the measurement of the eﬃcacy of the
antioxidants obtained from the stereo-isomer ratio (Z,E/E,E)
[7]. The signiﬁcant change in this ratio has been demonstrated
not only in chemical reactions in vitro but also in in vivo stud-
ies on animals as well as humans [7,11,14]. On the other hand,
no signiﬁcant change was observed in cell culture experiments.
The role of cellular antioxidants or enzymes in the formation
of HODEs in cellular lipid peroxidation requires further inves-
tigation. The amount of speciﬁc products of free radical-med-
iated oxidation, 9- and 13-(E,E)-HODE, increased signiﬁcantly
in both selenium-deﬁcient and free radical-exposed Jurkat
cells. Non-enzymatic free radical-mediated lipid peroxidationis evidenced by the increase in the amount of t7b-OHCh. These
results of both tHODE and t7-OHCh analyses indicate that
free radical-mediated lipid peroxidation proceeded not only
in the cells exposed to free radicals but also in the selenium-
deﬁcient cells.
The most interesting ﬁnding in this study was that in cellular
lipid peroxidation experiments with diﬀerent oxidative insult,
t7-OHCh was formed in greater amounts than was tHODE;
this was in contrast to the results obtained on free radical-med-
iated oxidation of isolated LDL and plasma. It has been ob-
served that in LDL oxidation, cholesterol is oxidized only
after most of the unsaturated fatty acids are depleted [5] and
that in the case of plasma lipid peroxidation initiated by free
radical exposure, the amount of tHODE generated was 30-fold
higher than that of t7-OHCh [7]. In the previous study [7], the
amount of tHODE measured in free radical-exposed plasma
was approximately identical to the sum of phosphatidylcholine
hydroxide and hydroperoxide and cholesteryl ester hydroxide
and hydroperoxide, suggesting that the linoleates in phospha-
tidylcholine and cholesteryl ester are the major sources of
tHODE. Human plasma contains more cholesteryl ester than
cholesterol (Table 1). The data in Tables 1 and 2 enabled us
to calculate the ratio of the oxidation products to the parent
lipid. The ratios (%) of t8-iso-PGF2a/t20:4, tHODE/t18:2,
and t7-OHCh/tCh were 0.0037, 0.083, and 0.30 for the sele-
nium-suﬃcient cells and 0.0057, 0.18, and 0.55 for the sele-
nium-deﬁcient cells, respectively. On the other hand, the data
in Tables 1 and 3 reveal that the free radical-mediated oxida-
tion of Jurkat cells increased the ratios (%) of t8-iso-PGF2a/
t20:4, tHODE/t18:2, and t7-OHCh/tCh from <0.0001, 0.29,
and 0.84 to 0.0013, 2.1, and 5.4, respectively. The ratios (%)
of tHODE/t18:2 and t7-OHCh/tCh in healthy human plasma
were 0.0194 and 0.0041, and those in erythrocytes were 0.35
and 0.069, respectively [11]. These data clearly indicate that
the apparent and relative oxidizabilities of cholesterol are high-
er in cultured cells than those in plasma.
It should be noted that the observed level of the lipid perox-
idation products was determined by a balance between the
rates of formation, secondary reactions, metabolism, and
excretion. It has been reported that the rate of reduction of
the hydroperoxides by GPx decreases in the following order:
free fatty acid hydroperoxides > phospholipid hydroperox-
ides > cholesteryl ester hydroperoxides > cholesteryl hydroper-
oxide [17]. The metabolism of oxidized cholesterol may be
slower than that of the oxidized fatty acids, which may ac-
count, at least in part, for the relatively high concentrations
of oxidized cholesterol as compared to that of the oxidized
fatty acids in this experiment. This may also explain the fact
that free cholesteryl hydroperoxides were observed in the cells
after oxidative stress (Figs. 1 and S). The physiological and
pathophysiological functions of the oxysterols in, for example,
cholesterol biosynthesis and atherosclerosis, have received
much attention [18–20]. The oxysterols have also been noted
to act as cellular signaling molecules and have induced adap-
tive responses [21]. Increased plasma levels of oxysterols are
associated with the progression of atherosclerosis [22]. The
present results indicate the susceptibility of cholesterol to un-
dergo oxidation via cellular lipid peroxidation. It is also con-
sidered that the plasma levels of cholesterol oxidation
products increase via not only plasma lipid peroxidation
but also cellular lipid peroxidation. Further studies are neces-
sary for the elucidation of the diﬀerence between cellular and
4354 Y. Saito et al. / FEBS Letters 581 (2007) 4349–4354plasma lipid peroxidation, particularly the generation of oxys-
terols during cellular lipid peroxidation.
In conclusion, the present study demonstrated that the oxi-
dative stress induced by selenium deﬁciency and free radical
exposure induced lipid peroxidation in cultured cells. In both
cases, the amount of t7-OHCh generated was signiﬁcantly
greater than that of tHODE, and the concomitant formation
of 7-OOHCh was conﬁrmed. Taken together, it may be stated
that cellular cholesterol is more susceptible to oxidation than
cellular linoleates, in contrast to the results observed for plas-
ma cholesterol.
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